Three models of deployable membrane space structures consisting of a membrane, inflatable tubes, and connective cable networks are investigated with the aim of developing suitable modules for future hierarchical modular space structure systems on a scale of hundreds of meters. To a flat spirally folded membrane, inflatable tubes are attached in the circumferential direction, the radial direction, or both. Deployment experiments on laboratory-scale hand-made conceptual models are carried out, and their details are presented. The deployment of inflatable tubes in three different folding patterns is also studied, and smooth deployment of the tube in a modified zigzag folding pattern is demonstrated.
Introduction
Deployable structures are necessary for future space structure systems because of limits on their volume during space transport. A recent trend in the pursuit of more efficient space structure systems is the investigation of systems with tension materials such as cables and membranes, which are generally called gossamer structures. For regular deployable space structures, packaging of tension materials is straightforward because of their thinness, while other mechanical elements are more difficult to package. However, for future membrane space structures such as solar sails, membrane patch antennas, membrane lens reflectors, and solar power satellites, deployable membrane space structures with thick membranes that cover a large area are becoming major concerns. Two critical requirements are high packaging efficiency and simple deployment. These requirements are satisfied elegantly in nature; for example, in the eclosion of insects, some membrane structures embedded with branching inflatable tubes are effectively used 1) , and trials to apply this basic concept to membrane structure systems have already been carried out 2, 3) . However, for actual engineering applications, complete embedding of inflatable tubes appears to restrain the system too greatly. Usually membrane elements are connected to supporting members through a finite number of discrete connective points 4, 5) . Combined elements of membranes and cables can be effectively used 4, 6) , because the distributed loads applied to membranes are conveyed to cables as concentrated loads. Inflatable tubes are also made up of membranes, and the combined use of membranes with cable networks is effective 7) .
A hexagonal flat structural element is important as the basic module for future large hierarchical modular space structure systems 8) , and a hexagonal membrane element can be folded spirally around its center (spiral folding), even if the membrane is thick 9) . It would be possible to realize a large space structure system on a scale of hundreds of meters by using both automatic erectable construction and deployable construction with hexagonal deployable membrane modules 10) . Against this background, spirally folded membrane structures combined with inflatable tubes via cable networks are introduced in the present paper, and effectiveness of these structures is shown through deployment experiments. An inflatable tube in a modified zigzag folding pattern is proposed for smooth tube deployment, and its effectiveness is demonstrated. A comparison between a model with inflatable tubes set along its periphery and a model with tubes set in the radial direction is also presented.
Concept of a Membrane Module with Inflatable Tubes and Connective Cable Networks

Composition of basic module
Here, we introduce laboratory-scale conceptual models of hexagonal membrane modules with spiral folding for application to hierarchical modular structure systems. The basic module is composed of a membrane, inflatable tubes, and connective cable networks.
The membrane is the basic structure, and to ensure compatibility with future missions, thick membranes are considered. The spiral fold line is set in polar coordinates with the origin at the center of the body, and the membrane is folded by both zigzag folding along the circumferential direction and rolling in the radial direction. Curved membrane straps bounded by folding lines are wound around the center body, and they are slightly bent at each corner 9) . Inflatable tubes are attached to the membrane; these tubes serve as actuators during deployment and as supporting members after deployment. The folding pattern of the inflatable tubes depends on their position in relation to the membrane. Inflatable tubes set in the radial direction are rolled up, and those set in the circumferential direction are folded in zigzag folding. The tubes are restrained by cable networks connected to the membrane, and even a straight tube configuration can be modified to keep the hexagonal shape along the periphery of the membrane, if the tubes are appropriately flexible. To function well as supporting members, inflatable tubes must be made rigid after deployment 11) , which is beyond the scope of this paper, together with the quantitative investigation of deployment forces. Moreover, depending on the mission requirements, additional actuation to compensate for factors such as centrifugal force and embedded shape memory materials would be necessary. Cable networks connect the membrane and inflatable tubes. They also provide hard-points for joining adjacent modules in hierarchical modular structures. The cable networks can also be used as handling interfaces, which are sometimes necessary and can be used for automatic erectable construction in space 10) .
Deployment experiments of basic module models
Three layouts of inflatable tubes for the basic module are considered, and their schematics are shown in Fig. 1 ; in these figures, the red lines indicate individual inflatable tubes, the blue lines indicate cable networks, the black dots are air supply ports; the center area is the membrane. In Model BM1 shown in Fig. 1(a) , the inflatable tubes are set around the periphery (peripheral inflatable tubes). In Model BM2 ( Fig.  1(b) ), the tubes are set along the spiral radial ribs (radial rib inflatable tubes). In Model BM3 ( Fig. 1(c) ), the tubes are set both around the periphery and along the radial ribs. Peripheral inflatable tubes are folded in a zigzag pattern, and the rib inflatable tubes are rolled up. Folded and deployed configurations of the actual model are shown in Fig. 2 .
The laboratory-scale conceptual models of the modules used in the deployment experiment are made of polyethylene terephthalate (PET) film of 15 μm in thickness for both the membrane elements and the inflatable tubes. To demonstrate the utility of spiral folding, a rather thick membrane is selected, and it has comparatively low extensibility. This film has a heat-bonding layer, and the inflatable tubes were fabricated in our lab by using a heat sealer. Fancywork ribbons are used as cable nets, and they also have low extensibility.
In the deployment experiments, each inflatable tube is inflated with air supplied from one air source. The air is divided between the individual inflatable tubes as shown in Fig. 3 , where P1 and P2 denote peripheral inflatable tubes, and R1-R6 denote radial rib inflatable tubes. The air pressure and flow rate of each inflatable tube are measured, and the deployment behavior is recorded with a video camera. The default values of the pressure and flow rate of the air source are 20 kPa and 10 L/min.
Each module model is deployed on a flat floor under gravitational force which is different from in space. This situation function more favorably in a flat configuration during and after deployment, but friction between the floor and the model hinders deployment. The configuration changes (a) Folded configuration.
(b) Deployed configuration. and time courses of the air pressure and flow rate in each inflatable tube during deployment of Model BM1, BM2, and BM3 are shown in Figs. 4, 5, and 6, respectively. In the case of Model BM3, the data on the two peripheral inflatable tubes (P1 and P2) and only four rib inflatable tubes (R1, R3, R5, and R6) are recorded because of the limited number of measurement devices. In the figures, the blue line shows air pressure and the red line shows flow rate. The horizontal axis is time, the left vertical axis is air pressure, and the right vertical axis is flow rate. The deployment of inflatable tubes is usually sequential, but in the case of a membrane with spiral folding, the deployment is basically synchronous. In addition, the deployment behavior of inflatable tubes in a zigzag folding pattern is unstable, which is discussed in detail in Section 3. In the images of Model BM1 at 18, 24, and 30 s in Fig. 4(a) it can be seen that the effects of zigzag folding are out-of-plane deformation of the membrane and two peripheral inflatable tubes. However, in the images of Model BM2 at 5, 10, and 11 s in Fig. 5(a) , all six inflatable tubes deploy smoothly from a rolled-up configuration, and the membrane expands synchronously. In this case, notable out-of-plane deformation, such as that shown in Fig. 4(a) , is not observed. However, the membrane does not deploy completely. The combined use of peripheral inflatable tubes and radial rib inflatable tubes in Model BM3 leads to the favorable results in the deployment experiment ( Fig. 6(a) ). In this case, the radial rib inflatable tubes deploy first. After 24 s, the peripheral tubes then deploy. This leads to reduced out-of-plane deformation during deployment. In addition, the peripheral inflatable tubes help to expand the membrane element nearly completely. These experimental results clearly show the effectiveness of the combined use of peripheral and radial rib inflatable tubes.
The air pressure in P1 and P2 of Model BM1 is almost constant during deployment ( Fig. 4(b) ), and then gradually increases after deployment, which is almost complete at about 36 s. In Fig. 4(a) , the image shows nearly full deployment, and the relationship between the deployment behavior and air pressure is coincident. Air pressure and flow rate maintain constant values during inflation of the tubes (inflation phase). As the module approaches full deployment, the air pressure increases gradually and the flow rate decreases (pressurized phase). At full deployment, the air pressure reaches the air source pressure and flow rate decreases to zero. As indicated from the flow rate data, in particular the data on tube P2 ( Fig.  4(b) ), the inflatable tubes have many leaks from which the supplied air escapes. Thus leak in inflatable tubes affects flow rate especially in the pressurized phase, and it is considered that it does not strongly affects in the inflation phase. From the data on the rib inflatable tubes shown in Fig. 5(b) , it can be seen that the deployment of the inflatable tubes in Model BM2 is almost complete at about 15 s; after that time, the air pressure gradually increases. At 20 s, the deployment is complete. The flow rate in tube R4 increases at about 10 s, and the flow rate in tube R6 decreases at the same time. This relation depends on the manner of dividing the supplied air. The tubes R4, R5 and R6 belong to the same group receiving supplied air, as shown in Fig. 3 . The change in the flow rate in tube R6 thus affects the flow rate in tubes R4 and R5 more strongly than that in tubes R1-R3, which belong to another group. In Model BM3, the air pressure for all inflatable tubes increases at 20 s, as shown in Fig. 6(b) . This corresponds to the time when the rib inflatable tubes are nearly fully deployed. From 65 s, the air pressure increases again gradually. As shown in Fig. 6(b) , this increase corresponds to the final phase of complete deployment. To consider the deployment quantitatively, experiments using well-sealed inflatable tubes are necessary. 
Deployment Experiment on Modified Zigzag Folding
To smoothly deploy inflatable tubes folded in a zigzag pattern, a modified zigzag folding pattern is developed. To show the effectiveness of the modified zigzag folding pattern, tube models in three folding patterns are constructed using a thick membrane material (aluminum-evaporated laminated film of 76 μm in thickness, which consists of three layers (polyallomer, 15 μm thickness; aluminum, 9 μm thickness; polyethylene, 50 μm thickness)). These thick membranes represent a more difficult situation, and the test will serve as preparation for rigidization. The folding patterns are rolled-up, zigzag, and modified zigzag folding patterns. A schematic of the modified zigzag folding pattern is shown in Fig. 7(a) , and an actual inflatable tube in a modified zigzag folding pattern is shown in Figs. 7(b) and (c). The major aim of modified zigzag folding is to ensure passage of inflation gas between upstream and downstream sides. The length of inflatable tubes is 900 mm and the width of the model is 100 mm. Images of the deployment experiments captured in 1-s increments from the video recording are shown in Fig. 8 , and the corresponding time courses of air pressure and flow rate are shown in Fig. 9 . Concerning the rolled-up inflatable tube, it is shown in Fig.  8(a) that 5~6 s after the start of the test, the deployment behavior becomes unstable. This is similar to the deployment of the inflatable tube in a zigzag folding pattern after 5 s ( Fig.  8(b) ). It is considered that many distributed wrinkles, which are formed as a result of the difference in length between the upper and lower membranes as a result of the coiling of the thick membrane, become concentrated near the end of the deployment process, and that they act in a similar manner as the wall caused by the regular zigzag folding. The tube in a zigzag folding pattern moves violently both in-plane and out-of-plane during its deployment, as shown in Fig. 8(b) . Its air pressure and flow rate fluctuate greatly from the start of deployment ( Fig. 9(b) ), similar to the results shown for the last deployment phase of the rolled-up tube. On the other hand, the deployment of the tube in the modified zigzag folding pattern is rather smooth and stable, as shown in Fig. 8(c) , and the time to reach complete deployment is shorter than that of the tubes with other the folding patterns. Peripheral inflatable tubes of the hexagonal models must be folded in zigzag pattern, and it might improve its deployment behavior very much to introduce tubes in modified zigzag folding pattern.
From the time courses of air pressure and flow rate of the inflatable tubes shown in Fig. 9 , the three phases of deployment can be clearly distinguished, namely, the inflation phase, the pressurized phase, and the full deployment phase. In the full deployment phase, the air pressure in all three tubes is high, and of flow rate is low, but not zero, which indicates a small air leak from the tubes. In experiments on the deployment of the membrane modules presented in Section 2, inflatable tubes in a modified zigzag folding pattern were not used to avoid their complex fabrication during this phase of conceptual research. It should be possible to obtain more refined results using inflatable tubes in a modified zigzag folding pattern, which is a possible area of future research.
Conclusions
Three models of conceptual deployable module composed of a flat hexagonal membrane, inflatable tubes and connective cable networks were investigated for future large space hierarchical modular structure systems, and their effectiveness was demonstrated through deployment experiments using laboratory-scale hand-made models of 2-m in diameter. To deploy the membrane in a spiral folding pattern, inflatable tubes connected via cable networks were set in the circumferential direction, the radial direction, or both. The basic model with inflatable tubes set in the circumferential direction in a zigzag folding pattern exhibited out-of-plane deformation during deployment because the tubes became blocked. By setting the inflatable tubes in the radial direction in a rolled-up folding pattern, the deployment behavior of the model seemed to be well improved. Deployment of the models are strongly affected the deployment manners of inflatable tubes. For designing actual large scale structure systems, folding patterns and location of inflatable tubes must be carefully selected. A modified zigzag folding pattern of the inflatable tubes was also introduced, which allowed for smooth and stable deployment. The effectiveness of this configuration was demonstrated through deployment experiments using a thick membrane material.
